Introduction {#Sec1}
============

Tiotropium/olodaterol 5/5 μg, delivered via the Respimat^®^, is an approved maintenance treatment for chronic obstructive pulmonary disease (COPD) that has been rigorously tested in a large clinical trial program \[[@CR1]--[@CR5]\]. Before the phase III program was started, phase II studies used a novel approach to establish the optimal doses to include in the combination. The doses of the two monotherapies had already been investigated \[[@CR6], [@CR7]\]. When this study was designed, tiotropium Respimat^®^ 5 μg was licensed in some, but not all, countries, with further evaluation of the 2.5 µg and 5 µg doses ongoing; meanwhile, olodaterol was still in development, with the phase III trials ongoing with 5 μg and 10 μg. However, as there were some suggestions from the preclinical data that there may be a synergistic effect with tiotropium/olodaterol at subclinical doses \[[@CR8]\], this study and two others investigated the optimal doses for the combination. The first, a phase II incomplete crossover trial (NCT01040403) investigated the dose response of tiotropium on top of olodaterol in a free-dose combination \[[@CR9]\], whereas the other, a phase II crossover trial (NCT00720499) directly compared the fixed-dose combinations tiotropium/olodaterol 5/5 µg and 5/2 µg (results available on clinicaltrials.gov) \[[@CR10]\].

As de Miguel-Diez and Jimenez-Garcia point out, dose-finding studies are still required for combination products as the optimal doses are not necessarily the same as the monotherapies, and it is necessary to test for interactions between the two compounds \[[@CR11]\].

The aims of this study were to confirm the lung function benefit of adding olodaterol to tiotropium and to describe the dose--response relationship of olodaterol when added to tiotropium. It was also intended to compare the dose--response relationship to that previously described of olodaterol monotherapy.

Methods {#Sec2}
=======

This was a randomized, double-blind, parallel group, phase II trial conducted between June 2008 and February 2009 at 38 sites in Germany, Canada, and the USA. The trial was registered on clinicaltrials.gov (NCT00696020). Patients received either tiotropium 5 μg or a fixed-dose combination of tiotropium/olodaterol 5/2 μg, 5/5 μg, or 5/10 μg for 4 weeks, all delivered once daily via two puffs of the Respimat^®^ inhaler. The olodaterol doses included were all used to investigate the dose response of olodaterol monotherapy \[[@CR6]\]. Patients were randomized equally to the four treatment groups in blocks of four using a pseudo-random number generator. The sponsor arranged for the randomization, as well as the packaging and labelling of study medication. After screening, patients entered a 2-week run-in period prior to randomization. Following the 4-week randomized treatment period, patients were evaluated for an additional 28 days.

Open-label salbutamol was provided as rescue medication, and patients were permitted to continue with inhaled corticosteroids throughout the trial if the dose they were receiving was stable for 6 weeks prior to screening.

Patients had a diagnosis of COPD, post-bronchodilator forced expiratory volume in 1 s (FEV~1~) ≥ 30 and \< 80% of predicted normal, and post-bronchodilator FEV~1~/forced vital capacity (FVC) \< 70%. They were at least 40 years of age, with a smoking history of greater than 10 pack-years. Exclusion criteria included significant disease other than COPD, history of asthma, or total blood eosinophil count ≥ 600/mm^3^, history of myocardial infarction within 1 year of screening or clinically relevant cardiac arrhythmia.

Pulmonary function tests were performed in the clinic prior to dosing and up to 3 h post-dose at baseline, week 1, and week 2, and prior to dosing and up to 6 h post-dose at week 4.

The primary endpoint was trough FEV~1~ response (change from baseline) after 4 weeks of treatment. Trough FEV~1~ was defined as the mean of two FEV~1~ measurements taken at 1 h before and 10 min before the morning dose of medication. Secondary endpoints included trough FEV~1~ after 1 and 2 weeks of treatment; trough FVC after 1, 2, and 4 weeks of treatment; and peak FEV~1(0--3h)~ and FVC~(0--3h)~ responses after 4 weeks of treatment. Adverse events (AEs) and serious AEs (SAEs) were also monitored. An analysis of covariance (ANCOVA) model was used for the analysis of the primary and secondary endpoints. The primary endpoint was tested sequentially from highest dose to lowest dose, whereas all other endpoints were not adjusted for multiple testing and presented *p* values are nominal.

On the basis of evidence available at the time, the standard deviation was predicted to be approximately 225 mL, and the treatment difference versus tiotropium 5 µg was predicted to be 120 mL; this meant a sample size of 80 patients per treatment arm was selected for 90% power with a one-sided alpha equal to 0.025.

Compliance with Ethics Guidelines {#Sec3}
---------------------------------

All procedures performed in studies involving human participants were in accordance with local ethics committees (coordinating investigator ethics board: Research Ethics Board, Institut universitaire de cardiologie et de pneumologie de Québec, Québec) and with the 1964 Declaration of Helsinki and its later amendments. Informed consent was obtained from all individual participants included in the study.

Results {#Sec4}
=======

Patient Disposition {#Sec5}
-------------------

A total of 537 patients were enrolled in the trial, 360 of whom were randomized and treated (88--93 in each treatment group). In total, 13 patients discontinued prematurely (four with tiotropium 5 μg, two with tiotropium/olodaterol 5/2 μg, three with tiotropium/olodaterol 5/5 μg, and four with tiotropium/olodaterol 5/10 μg).

FEV~1~ and FVC {#Sec6}
--------------

### Primary Endpoint {#Sec7}

After 4 weeks, adjusted mean (standard error \[SE\]) trough FEV~1~ response was 0.110 L (0.021) with tiotropium 5 μg (*n* = 90). Compared with tiotropium 5 μg, mean trough FEV~1~ was increased with the addition of olodaterol 2 μg by 0.024 L (0.027; *n* = 89), olodaterol 5 μg by 0.033 L (0.027; *n* = 93), and olodaterol 10 μg by 0.057 L (0.027; *n* = 88). Only tiotropium/olodaterol 5/10 μg reached statistical significance versus tiotropium 5 μg (*p* = 0.0337).

### Secondary Endpoints {#Sec8}

All doses of tiotropium/olodaterol resulted in significantly greater improvements in trough FEV~1~ compared with tiotropium 5 µg after 1 week, and all except the lowest dose of tiotropium/olodaterol also showed significantly greater improvements in trough FEV~1~ compared with tiotropium 5 µg after 2 weeks.

Peak FEV~1(0--3h)~ response at week 4 was greater with all doses of tiotropium/olodaterol than with tiotropium 5 µg (0.088 \[SE 0.033\], 0.082 \[0.032\], and 0.144 L \[0.033\] with 5/2 µg, 5/5 µg, and 5/10 µg doses versus tiotropium, respectively; *p* \< 0.05 for all doses). At week 4, FEV~1~ was significantly improved over time from drug administration to 6 h post-dose with all tiotropium/olodaterol doses versus tiotropium (Fig. [1](#Fig1){ref-type="fig"}).Fig. 1FEV~1~ over time at week 4. FEV~1~ forced expiratory volume in 1 s, O olodaterol, SE standard error, T tiotropium

Tiotropium/olodaterol 5/5 µg and tiotropium/olodaterol 5/10 µg, but not tiotropium/olodaterol 5/2 µg, showed a significant effect on trough FVC compared with tiotropium 5 µg after 1 week, 2 weeks, and 4 weeks (*p* \< 0.05 for all doses). Peak FVC~(0--3h)~ response at week 4 was greater with all tiotropium/olodaterol doses than with tiotropium 5 µg (treatment difference \[SE\] 0.131 \[0.060\], 0.204 \[0.059\], and 0.265 L \[0.060\] with 5/2 µg, 5/5 µg, and 5/10 µg, respectively; *p* \< 0.05 for all doses). FVC at week 4 was significantly improved during the first 6 h from dosing with all tiotropium/olodaterol doses compared with tiotropium (Fig. [2](#Fig2){ref-type="fig"}).Fig. 2FVC over time at week 4. FVC forced vital capacity, O olodaterol, SE standard error, T tiotropium

Safety {#Sec9}
------

A total of 117 patients (32.5%) reported one or more AE (31 \[34.4%\] with tiotropium 5 μg, 30 \[33.7%\] with tiotropium/olodaterol 5/2 μg, 27 \[29.0%\] with tiotropium/olodaterol 5/5 μg, and 29 \[33.0%\] with tiotropium/olodaterol 5/10 μg). Most events were mild or moderate in intensity, and all SAEs were considered unrelated to study medication. There was no evidence of a dose relationship for any AE or SAE.

Discussion {#Sec10}
==========

These results show a dose--response relationship for olodaterol on top of tiotropium 5 μg and that the combination was well tolerated. The increase in trough FEV~1~ after 4 weeks with olodaterol on top of tiotropium ranged from 0.024 L with the lowest dose (2 µg) to 0.057 L with the highest dose (10 µg), though only the 10 µg dose reached statistical significance. There was a dose--response similar to that seen for olodaterol monotherapy. Tiotropium/olodaterol improved trough FEV~1~, FEV~1~ over time from drug administration up to 6 h post-dose, and FVC up to 6 h post-dose to a greater extent than did tiotropium monotherapy, although not all doses formally reached statistical significance according to the prespecified statistical testing strategy. In this study, however, achievement of statistical significance for the primary endpoint was not considered to be the only goal, as the aim was to ascertain whether there was a clear deviation from the previously described dose response for olodaterol monotherapy using all the evidence available.

The dose--response relationship observed in this study formed an important part of the rationale for the selection of the tiotropium/olodaterol 2.5/5 and 5/5 μg doses for the phase III program. The dose response for olodaterol in combination with tiotropium 5 μg observed in this study was similar to that of olodaterol monotherapy; importantly, the 2 μg dose of olodaterol was on the steep part of the dose--response curve in both cases. In contrast, an additional 4-week phase II crossover study (1237.9) did not show any difference in efficacy (FEV~1~) between olodaterol 2 μg and olodaterol 5 μg in fixed combination with tiotropium 5 μg. However, interpretation of these results was limited by the lack of additional fixed-dose combination treatment arms as well as the lack of a tiotropium monotherapy arm \[[@CR10]\]. On the basis of these data, it was concluded that the dose response of olodaterol is not influenced by coadministration with tiotropium, so the dose selection for olodaterol monotherapy could be applied to the combination. The phase III clinical program for olodaterol monotherapy demonstrated similar efficacy for olodaterol 5 μg and olodaterol 10 μg \[[@CR12], [@CR13]\]. Therefore, 5 μg was selected as the olodaterol dose within the combination product to be further evaluated in the tiotropium/olodaterol fixed-dose combination phase III program.

Tiotropium's dose response in combination with olodaterol was evaluated in trial 1237.18, a 4-week, incomplete crossover study in patients with moderate/severe COPD, which included tiotropium doses of 1.25 μg, 2.5 μg, and 5 μg in free combination (separate Respimat^®^ inhalers) with olodaterol 5 μg and olodaterol 10 μg \[[@CR9]\]. There was a stepwise, dose-ordered increase in lung function response for tiotropium (1.25 μg, 2.5 μg, 5 μg) in combination with both olodaterol 5 μg and olodaterol 10 μg, similar to the dose response of tiotropium administered as monotherapy. This confirmed the rationale for selection of the tiotropium doses 2.5 μg and 5 μg used in the phase III studies of the fixed-dose combination.

Given the results of the phase III program, which convincingly demonstrated efficacy of tiotropium/olodaterol 5/5 µg on lung function (trough FEV~1~), exercise tolerance, and health-related quality of life (St George's Respiratory Questionnaire) \[[@CR1]--[@CR5]\], the results of the present study offer a cautionary note on sole reliance of statistical significance of a specific dose for phase III dose selection from phase II "therapeutic exploratory" studies; however, the dose--response curve should be considered. In this case, the dose that was eventually selected and licensed for use in COPD (tiotropium/olodaterol 5/5 μg) is the same as the monotherapy doses of each component. However, we investigated the dose response of both drugs in the combination in case there was a synergistic relationship or any pharmacodynamic interaction between the two drugs \[[@CR11]\].

There are some limitations to this study. As it was a phase II dose-finding study, the number of patients in each arm is relatively small. The sample size was planned with a treatment difference of 115--120 mL, but the treatment effect was overestimated, resulting in a lack of power for the individual comparisons. Therefore, the study should be viewed as exploratory regarding the dose response of olodaterol on top of tiotropium, and the present results should be considered together with the results of the rest of the tiotropium/olodaterol fixed-dose combination phase II program.

Conclusion {#Sec11}
==========

There was a benefit of tiotropium/olodaterol compared with tiotropium monotherapy in FEV~1~ and FVC. There was a dose--response relationship for olodaterol on top of tiotropium for FEV~1~ and FVC similar to the dose response previously seen for olodaterol monotherapy. These results, together with the results of a study investigating the dose response of tiotropium on top of olodaterol, helped to inform the dose selection for the phase III studies.
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